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The applioability of existing methods of solution of the series
ferroresonint oircuit when employing sensitive core materisls is diascussed.
K proposed modification of the Odesssy and Weber graphical method of solu-
tion including exrerimental varificaliun is presented. An analyticel analy-
sis of the series oirouit based upon the use of = rectangular B-H loop, and
simple oriteria for determinin, ..o initial current jump point are ginn;
Kleo, various modes of oirouit opsretion cthar than the junp phenomena, which
were experimentally encountered, are discussed. The final seotions are
devoted ‘o the use of the series circuit as an amplifior, =id the use of
ferroresonance A: a means of improving the performance of exi:ting megnetic
amplifisr circults. Tis ssperimental resnlés show improvemsut in both
power gain per cyocle and power cutput of the extermal feedback ani sgelf-
saturating magnetioc smplifier oircuits.




“-”"f B e e MROEN ) Ser I o= _@ImES™ e

R-277-62, PIB-216

List of Symbols. -

Table of Contents Page
Acknowledgment.,
Abstract.
I. Methode of Solvtion for the Ssriss Circuit, 1
a) Anslytical Solution {Thomson Method). 2
) b) Craphiaal Solution {(dessey end Weber Method). 4
" o)  Kodification of the Odessey and Weber Method. g
7I. Analysis Based Upon en Ideal B-F Curve. 7
III. Charactsristice in the Regicn of Low Currents. 12
8) Dotsrmination of B-I Curvs. 12
b) Caloulation of the Initial Jump Point. 14
IV, Modes of Series Circuit Operation Other than Ferroresonance. 18
Y. Use of ths Series Perroresonant Cirouitl as an Amplifiesr. 1@
a) Single Core Circuits. 19
b) Double Core Cirocuits. 21
Vi. Use of Ferrorescnance to Improve Magmnetio Amnlifier
' Performance. ' 28
a) Extornal Psedtack Circuit. 23
. ?) Self-Saturating Cirouits. 26
s1

el L —



R-277-62, PIB-216

Table of Contents Pe~e

Aoknowledgment.
Abstract.
I. QMethode of Solution for the Series Circuit,
a) Analytical Solution (Thomson Mathod).
b) Graphical Solution (Odessey and Weber Msthod).
o) Modification 2 the Odessey and Weber Methed.
II. Analysis Based Upon an Ideal B-H Curve.
I1I. Characteristios in the Regior of Low Currents.
a) Determination of E-I Curve.
b) Caloulation of the Initial Jump Point.
IV, Modes of Series Circuit Operation Other than Perroresonance.
V. Use of the Serizs Ferroresonant Circui% as an Amplifier.
a) Single Core Circuits.
b) Double Core Sircuits.
Vi. Use of Ferrorescnance »> Improve Magnetio Arpidfier
Ferformance. '
a) External-PeediLack Cirouit.
b) Self-Satureting Circuits.
List of Symbols. -

I T

12
12
14
16
19
19
21

23
23
26
Si

S
ST O 35



e @ R TRy > - ot Sy W!‘—"I«Hw.\”

B-277-52, FIB-216 1.

1. Nethods of Soluticn for ths Series Circuit,

The besic series ferroresonant eircuit showm in fig. MRI-1288é~a
oonsists of resistanco, oapasitance and. s non-linear inductance. .Its
fundamental circuit equation for an a-¢ applisd voltage may be writben as:

- 1 d
o-mam-t-uoa-jut«-la{f- . (1)

& first approach to the solution of equativn (1) is to represent the B-H
urve of the resctor {fig. MRI-12484-b) as a power series 3ucii wst ‘

E=X3 + K+ X%,

or

: 1'31?’.8‘f8*‘5'5. (2)

v and to solve the resulting differential nquation. This series must con-
tain oaly odd power terws ir order that it also remsir valid for negative
values of flux and ourrent. For the low permeability materials, the mag-
pstisation characteristiss exhibit rounded knees and are usually repre-
sented mathematically ty a linear term and one power term. Equatien (S)
represents & samprumise Letween eccuracy of soiution and the need fer. .

simplicity:
1-&1?".{,?3' (s)

The newly developed sonsitivs core materials exhibit extremely

Righ permesbilities and sharp kness in their magnetizatioa characteristics.
These characteristica approach the form for the ideal B-E curves of fis.
MRI-12484-0,d. Pig. MRI-12484-¢ shows the family of a=o magnetizat”- loops
for the sensitive eore material Deltmmax. The mean magastisation ocu. vo
passes Wiisugh Wit p32¥ flux' excursion points of these loops, and for
rathematical analysis the ocurve of fig. MRI-12484-c suffices. Another
femily of B-H curves is shown im fig. MRI-12484~f for Hypernic V material.
Its mean magnetization curve is practically coincident with the outer

" odge of the large B-E loop. Note that for this material, practiocally no
flux buildup ocecuras until the coeroive force has been estadblished. There~
fore, in mathematiocal treatmeats of circuits using this material, ome should
oconsider use of the ideal Bex charscteristioc of fig. MRI-12484~0.

TP PR

%hen oconsidering use of the sensitive core materials, it is ob-
vious that many higher order terms must be included in the power series
{equation 2) in order that an accurate solution be approached. Therefore,
g rigorous matlematical solution of this type becomes impossihle for the
ideal case. Aluwo, with reference to fig. MRI=124R4~d £ 1+ ehould be

oo s R R PP TVEPFY IR TREDARY £ [Ty ¢, URR TRAERET 19 § £7IR1Q £ 190 S revprs
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noted that equations (2,3) do not take into 20count any initial reverse
curvature which may osour in the B-H charaoteristic. Although this initial
ourvature is negligible for the low permeadbility materials, it may be of
ixportsve with same of &s more sonsitive core materials e Lurther illus-
trated by the resstor volt-ampere charscteristics of Pig. MRI-12488.

Snother appreech to the series cirvuit solution, is to assume
tkay the oirouit response is predominantly simnsoidal, thereby allowing
o=t impedanos concspiz 4o be used. It is necessary that the magnetizstion
ourve be fairly lizsar over the region of operstion which normaliy extends
into the saturated poriicn of thé B-H ourve. The method is, therefore,
applioadble to relatively low permeability materials. Even under the com~
dition of large saturation for these materials ihe magnitude of the third
harmonio usually lies between 30-80% of tho fundemental, whereas the higher
order harmonios are definitely negligidle.

a) Mtnalytiosl Solution (Thamscz ¥sthod).

1 As ax analytical exmmple of the above meithod of solution Thom~
sen's” gpproach is typical. The basic cirouit of equation (1) in terms
af effective values of current is expressed e=

E=1 (¥ xz)l/:

R= ‘o * RL = oxternal resistance + apparent
roactor resistance

X= I’_ - Io = total effective circuit reactance

where

he effcotive reactance ZL of the saturable resctor is determined from
the relationship:

2 z P\2
L9 "(nz)z'f-(r) 3
and its effective resistance is obtained from
- P
LTFE e
where P is the measured power ~nngumed by the reector.

Thomson ass'med that the curves of R and X vs. I (see Pig.
MRI-12486-a) oculd b represented by rectunguldr hyperbolas giwven by:

Msgonant Ean-Lingar Control Circvuiis, W. T. Tuomson, AIEE Trens .,
87, pp. 489-75, (1938). [ —

- SR Rl i
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where &, B, K1, K,, £ @ are reactor constants detormined by choosing three
points on the curves of Fig. MRI-12486-a. A plot of equation {4) for in-
oreaning the values of E and I with R as a parameter is coustruoted in
Fig. JRI-12486=b. °

Characteristics to be noted which are peculiar only to the series
ferroresonant circuit are:

1) Upon reaching a oritical voltage, the ourrwat takes & sudden
juwrp in value. Experimentally, it has been impossible tc atitain wvalues for
the volt-ampere curve over the region where the slope dZ is negative, sinoce
this is an unstable region. g

2) For resistance values larger thun a oritical resistance
only & single-values response curve can be attaimed., Howsver, for cirouit
resistance less thau tue critical value, a hystersis type response ooocurs
as illustrated in FPig. ¥RI-12488-H for RL Ro.

Since the slope €. O at two points, and these two points merze
intc owe when the oritical resistance is in the circuit, it is possible
to solve for the valiue of critical rosistance, critioal stable voltage and
oritical stable current. In order to facilitate the solution, Thomson as-
sumed that the low to high current jump point is indepandent of resistavas.
Rousllel 2tatas +hat this condition holds true omly for the ideal reactor
charactaristic. The volt-ampere responss curve of Fig. MRI-12487 givs ex-
perinenial verification of this fact. When considering use of the more
sonsi‘ive core materials, this asumption appears as the only valid portion
of the Thomson method.

The iectangular hyperbola representation of Fig., MRI-124868~a is
2o longer possills with the sensitive meterials since one would expect a
new XL vs I characteriastic of the form shown in Fig. MRI-12488=0,

To take full advantage of the high permeabilities of the new
core ailoys (Deltamax, Hypernik V, Orthonik) flux leakage, eddy ourrent,
and air gap 10s2es are kept at a minimm by using contimious tape wound
cores or axtremely thin washsr type laminations. Thus, in gwnersl, the
rj.n Experimental 3%dy orf Ferro-Resonance (Contritution a 1'etude experi-
mentalle de la ferroresonance), E. Rouelle, Revus Generale de 1'Electric-
ite, 38, Nov. 1934, pr. 715=38; Dec. 1934, pp. 763-80; Dec. 1934, pp. 796=
819; Dev. 1954, pp. 84i-58,
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effective resistance can be unegleoted in oircuit caloulations and R used in
place of R,

The greatest <bjection to the Thomson method is the assumption of
simwsoidal quantities, since the harmonio content associated with the ferro-
resonant region of high ourrents is tremendous. The harmonic distribution
for a Deltmax core is given in fig. MRI-12489 and is reprecentative of the
sensitive core materials. To include consideration of the Liurmonics in
Thomson's method would entail 2 lengthy and difficult, if not impossible,

analysis.

A grnphiod mﬂ:od of solution for the series circuit investigated
by Rouelle, ln.rguzd and Odesssy and Webe:# is also based on the asswmgtion
of a simisoidal miation of ourrent. Again the method yields satisfactory
results for the low permeability ocores. tut is unsatisfactory for use with
oircuits using ths sensitive reactors mainly dSecause of neglect of the high
order ourrent hermonios.

b) Graphioal Solution (Odessey and Weber Me+kod)

The graplical method consists of corstructing two independent
ocurves for the reactor voltage ss a function cf reactor current. One re-
lation is obtained directly from the reastor volt-ampere characteristic

E - (1),

and the other expressicn for reactor voltage, BI' is cotained firom the
fundamental s=c circuit squation for the linear series oircuit:
Es= ]2

-1 /R2+(.L-:—°-)z'
R PR

EL-:' /Ez- (IB} ‘P-Ia:' . (5)

The first term on the right-hand aide of equation (£) is an ellipse having

3
au sufct de L'existence de deux regimes en Forroresonance, F. Margand,

Revue Canerale de 1'Electricite, My 1934, pp. 635-7,

Critical Conditions in Ferroresonance, P.H. Odessey, E. Weber, AIEE
Trans., i, pp. 444-452, (1938) -



R —— X

R —

- ST DR P T

B e T s S ———

R-277=52, PiB=216 5.

prinocipal sxas of E and E. The remaining term yields a straight line plot
huving a slope of ):

6 = tun-l (%‘6’)0

In order to taks intc account the effect of the oircuit harmonics, Odessey
end Weber assumed en empirical frequency correctioa faotor. The corrected
frequency term is defined by:

al = ] .2400.

Using the Deltamax core whose volt-ampere characteristics appear in fig. MRI-
12485 a response curve (fig, MR1-12491) was caloulated for the series oir-
suit by means of the graphical method (see fig. MRI-12490), The 1line volt-
age was arbitrarily {ixed and the capacitance varied in order to obtain the
expeoted hysteresis type response. The current jumps ocour whensver a point
of tazugaacy 1s rzached between the reactor volt-ampere curve and the el-
liptio ourve for EL.

The oalculated response of fig. MRI-12491 iz seen to be larger in
magnitude and +: exhibit a much wider "hysteresis loop" than the experiment-
ally measured reaponse, The difference hatween the r3gzponse curves can be
attridbuted to the high crisr of harmonics which are assnroiated with the high
current region of ferrorescnant oircuits using scnsitive core matariels.

The frequency corrsction factor of 1,24 assumed for the low permeadbility
materials is no Innger velid. Alec the gravhical :cnstruction for I

©c
should not be represented by a single straight line {see fiz. MRI-124868=d),
Por the high perumeability materials, a iwo-line representation (fig. MRI-
12488~8) of the actual volt-ampere characteristic is usually sufficieat.

As an example using the above modifications, consider the series
circuit of fiz. MRI=12484~a in whion R = 3008, C = Suf, £ = 60cps and the
satursble reactor is idsntical with the Deltamax reactor whose volt-ampere
charactaristics are showi in fiz. MRI-12486.

In fig. MRI-12492 the solution of the circuit was carried out by
the Odessey and FsLer method. The graphicel construction for the proposed
modified form of this method is illustrated in fig. MRI=12493. The wvalues
for k_, k. in equation {€) wers experimentally memsured by mears of a har-

monicsa.m §yzer. :

The results obtained by the graphical methods of solution are
compared with the experimental response of the circuit in fls. IRT-12494.
It is seen that the meihod of Odessey and Wever again yields a rssponse
characteristic having a hysteresis loop much wider than the actual re-
sponss loop (refer to fig. MRI-12491).
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The modified method of solution agrees well with the experiment-
ally determined response, and. in gensral, this method should provide a
more satisfactory solutlon.

Changing to rms. values _ 1/2
. 12 2 12 2 2 "I
1,54 %5 t
S | o S 260° o
o *'o PR 22, .2 2, /2
L vk 5y * kg Iy *ese
I L-
where k , » "«
by
#« = order of harmonic;
and I
! 2 .2} 1/2
R A R
-
r 4 + - + + L X X ]
© Lo = L —. (s)

i—o E * kg’ kg * ....i]/z

Thruz for the graphical construction below saturation, egquaticn (5) is used.
Above saturation equation (5) takes on the form

l
Bre =+ VE - (1,22 + IX .- (7)

Bote that there is no ohmfo in the gruphioal representation of the el-
liptic terms of equations (5) and (7) where as the straight line terms
differ ty a ochange in slope.

¢) Modification of the Odessey-Weber Lethod

Suppose that for the series ferroreaonant circuit tha fcllowing
oconditions are velid:

a) During operation iu low ocurreni region, ZL> > X3 X >> R.
b) During operation in high ourrent region, ;<< X ; ;<< R.

Then experimentally it 1s found that the harmonic distribution in the high
ourrent region varies little with appropriate changes in oapacitansce and
alsc with inoreasing applied voltage. By introducing additional correctioas
into the graphical methnd in order in account for ihe presence of the high
order harmcnics, and by determining experimentally the harmonioc content cf
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tre oircuit after saturation fcr one value of capanitance, it should bs pos~
sidble to prediot the circuit response vetween the specified limits of oapac~
itance more accurately.

Assuming that a simisoidal current predominates up to the point
of sauration, then direot use of the Odsssey-Weber wmethod can be used up

to this point. The only change thereafter ocours ‘n the plotting of I
where now Io has been modified as follows: ©0

A -1
o -5-]:141:.

after saturation assums that

1=1 sinetek, T, sin 3ot + k; I, 610 6 ot + oeeu.
. wmm -0l [esot ¢k cos Set+ k cos fot + eeeen.
= = = =

2. Analysis Based Upon an Ideal B-H Curve

The following analysis of the series ferroreson . at circuit fig.
MRI-3Z2Cs-a 13 based upon the use of an ideal three-line B-H curve (fig. MRI-
12496-a) olossly approximates the rectangular type B-H loops obtainsd with
the more sensitive core materials. Circuit operstion is assumed to extend
far into the region of saturation. Since there are two distinot linear re-
gions associated with the idesl B-H characteristic, which in tarms of the
saturable resctor ccrrespond either to irnfinite a gero reactance, the method
of solution followed is that of describing the circuit operation independ-
ently for each of the regicas (1) and (2), and then applying common boundary
conditions in order tc relate the two responses.

Consider first that the circuit operation is in region (1) and
thet the mode of operaticn is procseding from negative to positive sei-
uration. Tien the basic circuit equation for thim region can bt written as

- - d l 4 © v
e =E sinwt Na-ti - fildt4 R- 7, (8)

where
i, = instantaneous value of the circult ourrent in region (1)

V = injtial magnitude of the capacitor voltage upon entering
recion (1).
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Since 11 = 0 for the assumed B-E curve oconfiguration, equation (1) reduces to

m.mw-n%}-m. (9)

The choice of an initial negative charge on the capacitor was reasoned as fol-
iows. Because of no current rlow in region (1), Vo romains constant during the
time of operation in this region. PMurthermore, since a symmetrical B-H charsc-
teristic was assumed, it foliows that the magnitude of Vo upon entering region
(2) must equal the magnitude of Vo upon leaving that region, although the oca-
paoitor charge will have reversed sigan due to current flow in region (2). There-
fore, since oircuit operation was assuned to begin in rezion (1) at the point
of nagative saturation, the capacitor ocharge must be negative due to the prior
negz*ive ourrent flow in region (2).

Suppose that region (1) was assumed to possess a small finite slope,
then equation (9) would still bo valid provided that the reactor impedance in
region (1) was much greater than the capacitive impedance or cirouit resistance.

Integrating equation (9) over region (1), we obtain

tz t
ftl &nsinmt-j“" M -j‘"’ Vo dt; {10)
¥s Y
where
tl « %tims of leavinr negative saturation region (2)
. t, = time of leaving region (1) and entering, positive
saturation region (2)
. -Em BEm
- o 5 oo ot, + — ocos at, = N2y -V, (tz"fi)'
Let otl - 01, ata - 02
Then for region (1)
= - -8 )
BEm (cos 9, - cos 6,) = N2 ¢ 2=V (92 $y) (11)

The basic egquation for regicn (2) is of the same form as equation (&)

1
Em sin ot 1284--0— fi,z dt - Ve

where

12 = ins tantaneous value of the currert in region mumber 2.

Applying the commor rcundary conditions at tz, operation in region mumber 2
dictates that (t.+¢)

Lim [/ 1% at - 0as t—50,
L(cz-c)
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Thus we obtain for region mmber 2

En sin 0, ~ 4,R -V . (12)
Fote theat 13 neecd not be gero at time *2’
n
{3+ o)
Sintletly at time (& + =) the lim /1, 8t =~ as =0, (18)
(f + - )

-
Re

nnnin(01+n)-¢vo+iz A
Because of-the difficulty in-determining the proper values of i at time tz
snd (¢, + =) in equations (12) and (13) respectivelvy, a formal folution 1s

rohibitive. Therefore,. lat us further assume that R = O, Then equations
12) and (13) may de rewritten as

En sin @, = =V , (14)

™m sin (01 + M) =e v. {15)
Expending (15) N

#0in'@, cos = + cos 0, sin n = ?S% s
- - {

En sin 6, V. {18)
From equations (14) and (18) we obtain ths sigaificant result
A gin 6. = sin @ (17)

: | 2
Thus +hs circuit ocurrent and applied voltage waveforms will be as shown in
Pig. MRI-12¢96-b. Substituting for V_ in (11), tken

Bn (cos 9y

ince from (17) it follows that

cos 8, = - 008 OLj
1 4

- 008 02) - czl‘f. + Bm sin .2 (.2 - 01);

-2 En (cos 0,) = 2Ny, + Bn (0, = 9,) sin @,. (18)
Kiso (0, = 8y) = (2 = 20,)

e, = (x-0,).
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Note that the restrictions on 01 are;

Substituting in (18) 5 2%e?

2EBm cos 0

1" a.my. + Bm sin 01 (n = z'l),

h-’zx s
. Toos ¥, (W TG V]

The ospeoitor voltage V. oan e determined from equation (16)
also be devermined from®the relation thet

idt 3

Bewriting (19) in terms of half-oycle aversge values where
Bn = ¥ =z,

Wen TN,

L AR T U N

Similarly from (20) we obtain the half-cyole aversge vurrent

Tz ) oZoVo e tl + £_
2n n : 5
tz 12 at

Comdining (16) and (22)

) I; = oc¥ sin Gi.

Responss Curve Caloulations for Doltamax Cores - (see Fig. MRI-124986)

(19)

However, it may

(20)

(21)

(22)
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W _ = 39600 lines !-mt\v'xm""

- ® . Wlho
K = 700 turns: Em'l - (n-26,) sin dﬂ

£ = 80 ops '

o = 3 e T e 62,7 j

14

Tp = woF sin 0, smperss

E =133 ¥etn 0, unimpora

LN cos 0, sin ¢, ¥ (vovgi 'fz (ma.)
o° 1 0 31,3 )
5.7° 995 099 38 2
11,.4° .88 197 4. 9.8
22.8° 522 388 6740 29.4
34.2° 827 561 111.0 71

The signifiomnt results of this snalysis are;

a) Only a single valued response curve of ¥ vs Y is possible sincs g
does not yield multiple jump points. A typiocal response curve is illus-
trabted in FPig. MRI-12496 versus an experimentally determined curve. (See
Pig. MRI-12497 also.)

Y,) The smrnn}g ungles 61,02 are independent of the walus cf :capsgitance.

o) The value of ¥ for iz4+1:2 operation in region mumber 2 is independ-
ent of capacitance and is equal tc the average saturation voltage of the reactor.

d) The value of T increasss linearly with C. Infinite oapacitance
would produce an infin¥te ourreat. .

o) This aaalysis does rot necessarily hold when & small finite resist-
anos ig present in the ocircuit.

Since a geruv resivrtence oircuit is physiocally impossible to attain,
experiments were made with a Jeltamax resmctor having an sight olm winding
resistance in an attempt to determins the wvalidity of thia analysis. The
following significant fuots were obtained:

&) For very small values of circuit resistance the initial seate
urating angle 02 was independent of the value of capacitance. Saturating
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aoctaristic for the low current region including the point of the initial currwnt
Mo

Pirat consider the case of core materials possessing s mean magnet -
igsation characteristic similar to that illustrated in Fig. MRI-12498%~a. In
genoral, an ideal three line segment ourve can be used as a good approximation
of the actual characteristic. Note than a flux buildup does not ocour unless
there is an acocompanying change in the magnetizing force.

Curve 1 in Pig. MRI-12498 illustrates the case for X, 2> X| and
X, DD R in region (1); it assumes a capacitive impedance characteristic through-
out the entire circuit operation and so no jump points are pcssidle,

When operatiorn keeps within the specified limits it is apparent from
the response curves cf Pig. MRI=12498 that the initial jump point is Adefinitely
a function of the circuit capacitance. As the cepacitance iz increased, the
initial jump point occurs at larzer values of applivd voltage. For the ideal
circuit, the value of capacitance has no effect on the position of the jump
point.

Ks the value of capacitance approaches infinity, a limit voltage E,
is approached beyond which point a jump is no longer realigable, the resultant
characteristic now assuming ths form of the voli~ampere response fcr an R-L
oircuit (see Fig. MRI-12499-b) for which E; is the voltage necessary for sat-
uratior of the resctor.

It is to be noted that the width of the "hysterwsis™ response lcops
increases for desreasing wvalues of oapacitance. It can alsc be decressed by
inoreasing the circuit resistance (Fig. MRI-12497). Howover, the initiel jump
point is seen to be practically inispondent of the value of resistance.

Por the specified circult limitations, it is possible to nezlect
the circuit resistance. Considering operation only in region (1), the series
oircuit can be represented up to the point of saturation by a Jinear inductance
in geries with a capacitor {Fig. MRI-12499-c).

Applying simisoidal circult analysis, we can write

E=E - IX. (24)

The reactor voltage will be given by the expression
EL = E + Ec - I

A’
X, - X

' Cc
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letting l. = saturation voltage for the coil (fig. m—12499-d) then set~
uraticn or the initisl jump point ococurs when

E (X, - X))
I

I, (%, - X,) (25)

For X = O, then E » E;. Thus the applied voltage must be of magnitude equal
to thé an‘burntion wlnge for ths coil., This corresponds to tie limiting
voltage E as previously mentioned,.

It can be seen from squation (25) that as the capacitive reactarce
is inoreased, the magnitude of applied vcltage necessary to cause saturation
of the resctor decreases, Theoretically when !I - x it would take gzero
applied voltage to saturate the oore.

») Caloulation of the Initial Jump Point.

In ccaputing the low current region response curves, the following
procedure is used:

a) A value of I is chosen from thre reactor volt-ampere sharac-
teristic.

b) E, is therebdy specified.
o) E is computed from equation (24).

d) 5 axd X.L or I are determined from reactor volt-ampere character-
istis.

6) The value of % necessary for the initial jump puint is calculated
frorm ejuation (25).

Computations were made for the series circuit using a Del tamax
cors., A typicel result is shown in fig. MRI-12500 and it is seen that it
compares quite faverably with ths experimental curve. The small deviations
which occur iia the vioinity of the initial lump pnint may be attributed
nmainly to the neglect of the third harmonio oomponont of the current, which
usually rises rapidly in this region, (refer to ;. ¥RI-12489) and to a
lesser degree the omiasion of circuit resistance in the calculations.

In summarizing, it is seen that one function of the capscitance
in the ssries circuit is to aid the supply voltage in furnishirng vol tage
integral to the reactor. It is possible that the phenomena of ferro-
resonance, including the "hysteresis" response, may bve expiained malitatively
as fcllowa, Assuming circuit operation in the low current region, the current



e PRI RO T TR R Y O R R T ) T T E T T T T € Py rrr | AT R P RETy ST M .’

L 4

-

R=277-62, PIB-218 16,

will imoreasc slowly with inoreasing applied voltage until the ocepacitor and
applied voltage furnish together enough voltage integral to saturate the ocore.
At this point en sbrupt rise in current camuses au inoroase in the voltage
integrel supplied by %he cspasitor, This inocrease in the voltage integral
tonds to drive the remotor farther into saturation and this in turn ocmuses
the current 4o inorease still further. This effect is cumlative and con~
times until the core is fully sstursted and the ocurrent is limited oniy by
the circuit resistence and capesitive impedance. Once circuit operation ex-
donds into the high current region, a decrease in the appliied voltage does
not necessarily result in azn immedizts retnirn to opsration in the low current
region., The width of the hystereaiz loops observed in the experimentel csurves
of figs. MRI-=1%497 and MRI=12498 may be explsined as the insbility of the
capsoitor tc discharge quickly due to & long time constant (L/R) as compared
with (1/f). Experimeatally it is observed that for decreasing wyalues of re-
sistanoce, the loop width inocresses. Likewise, decreasing the capsoitance in-
ocreases the smmount of voltege integral supplied by the capacitor, thereby
tending to incremse the loop width. Thus the cirocuit operation will remain
in the high ocurrent region until the applied voltage together with the ocsp-
aoitor voltage are unable to provide the necessary voltage integral to sat-

urate the gors. Operstion will then return abruptly to the low current re-
gion.

The oore materials which possess rectangular hLysteresis characber-
istios such as Hypernik V have mean magnetiration curves similar to thxt
shown in fig. MRI-12485. This ourve can be idealized somewhat by sssuming
a five 1line segment charscteristic &s illustrated in fig. MRI-12489~e in
which region (3) may havs a zero or finite slope depending upoz the initial
permeability chersoteristiocs. The initisl region (5) ol low permsability
is important in that the series oircuit operation behaves differen®ly from
that previcusly describved for variations in ospacitance when this region is
presext. PFor the ocuss of the Del tamax core, an inocrease in ocapsoitance
caused a shift in the jump pcint from a correspondinz applied voltage (which
was lower than the normal resotor saturation voltege) toward the saturation
voltage. However, when a Hypernik V core is used, the jump point is shifted
from & corresponding applied voltsge, which is grester than the saturstion
voltage, back to the saturation voltage point. See fig. MRI-12601.

For the idealized magnstizstion curve of fig. MRI-12499-e¢ it is
spparent that no flux buildup ocan oocur until the magnetisation force attains
the value or the coercive force. The current in region (1) (assuming
pearly infinibe slope) will be nearly rectangular in shape and will possess
s disoontinuity ir region (3). Consequently when the circuit operstion
enters region (1), an initiel charge will have already been pleced on the
capacitor and its wvslue can be roughly estimated frcm the relationm,

Vo =E = E—o- = constant, (28)

T 4s the half-cycle average ourrent necessary tc estabiish the coercive
torce and V° is the half-cycle average capacitor :oltage.
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If sinusoidal operation ipredominant fundementsl component of
ourrent) is assumed to exist in region (1), then by combining (26) with

(25) the low ocurrent jump point can be approximated from:

. (Ea + so) (x“ - xc)
- - =E +E - I X. (27)

X

Por the response curves of Fig, MRI-12601 for Rypernik V
Eo * EL>Ixo

for all values of C. Note that as C approaches infinity, E approaches E .
This is zct the case for all the core materials of the type just discuss&d.
The jump points forthe circuit containing an Crthonik core are located on
both sides of the 1imit jump point, Fig. MRI=12502.

In summarizing, it is sesan that the initial regioa of low per-
meability causes a charge on the capacitor which subtracts from the voltage
integral being supplied to ihc rsastor im regior (1).

K question might arise concerming the shape of the respnnse curves
for 0,6 and 1.0 ppf of Fig. MRI-12601 bstween values of applied voltage from
37.5v. to 41.,6v. and from 16.2v. to 3lv, respectively. The current waveforms
of supporting harmonic oscillations. A separate section is devoted to the
discussion of the oscillations encountered during the course of experimental
investigation of ths series circuit.

4. Modes of S>ries Circuit Operation Other Than Ferroresonance.

Then dealins; with the simple series circuit in connection with the
phenomena of ferrcresonance, either one of two modes of operation is possible.
When operating in the low current region, the current waveform is ucsually
fairly simisoidel for small <alues of applied vocltage. As the applied voltage
approaches the wealue necessary for occurrence of the ferroresonant ourrent
Jump, the third harmonis component increasee such that the currsat waveform
appears as shown in Fig. MRI-12603-a. When rectangular B-H loop materials
are ugsed, the low current waveform ususlly is a square wave; this is due
solely to the initial approrimate zero slope of the mean maguetisation
ourve.

Once the characteristic ferroresonant current jump occurs, oper-
ation takes place in the high current regicn where the current weveform
exhibits a pulse shaped chairacleristic as illustratec in Fig. MRT-12603-%t.
The harmonic content of the wave depends upon the sensitivity of the reactar
core meterials used. Whei the cironit resistance is emall and highly sensi-
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tive core materials are used, a steep current pulee is formed ard the capaocitor
vol tage waveform spproaches a square wave, fig. MRI-12808=-0,

Other modes of circuit operation are possible which apparently are
independent of the ferroresonant phenomena. These modes occur only for small

values of resistanos and under certain conditions appear as subharmonio os-
sillations,

Some experimental work and, to a lesser degree, analytical investige~
tions have bean undertaken to determine the factors which cause the gubharmonios
and the regions in which they can be expected to ocour.

In general ths regions of oscillations are characoterized by increased
current maguitiides and waveshapes of umsual form. A difference of opinion ex-
ists throughout the li%erature as to the initiai ocircuit conditions necessary
to p ke the oscillations. Experimental work by RouelleZ, Weygandt and Mﬂls,
MoCrvmm®, and Debors’' show that either an initial charge on the series circuit
oapacitor or aa initial flux in the reactor will make possible the oscillaticns,
Anal;*ic2) proc? has also veen oifered by Weygandt and gn.vis, and Dehors.
Purthermore, Weygandt and Travis, Dehors, and Rudenberg” offer analytiocal proof
that the switchingangle »f the applied voltage wili determine the form of the
steady-state responses. However, Weber? maintains hat the switching angle
plays no part whatsosver, his contention being that relay ciremit operation
using the principles of ferroresonance should then be unprediciable.

In working with low permeability materials, MoCrumm observed os-
oillations . in both the low and high current regions. The types of oscillations
observed were either sustained and steble, or sustained and unstable (no definite
order). He arrived at the conclusion that the high current region of ferrcres=
onance is nct subharmoric in nature. More significantly he states that, "Ex-
periment proves thal in no case is it rossible to induce a subharmonic response
by impressing the voltage at an unsuitable high or low value and then gradually
bringing the voltags into the range capable of supportins cs=cillations for the
given parameters. This merely results in a high or low current of ferrvrus-

onance.” In other words, some form of shoock excitation is required to produce
the oscillations,

®  Subharmonics in Circuits Containing Iron-Cored Industors, I.L. Travis,
C.E, Weygandt, AIEE Trans.. 57, op. 423=30, (1938).

8 An Experimental Investigation of Subharmoni: Currents, J.D. ¥cCrum,
AIKE ‘l‘tuu., 60. Pe 538 (191\1).

7 Recherchas sur le demultiplication de frequence ferromagnetique, M. Dehors,
Fawvue Goneraie de 1°‘Electrici“e, Nov. 1947, pp. 456«67,

8

Non=Harmonic Oscilletions as Caused Yt Magnetic Saturation, R, Rudenberg,
AIEE Trans., 68, pp. 678-85, (1949).
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Dehors worked with the more rectangular loop meterials such as
permalloy. The significant results of his work are that two regions of sube
harmoniocs were noted. Uns oocurred for very smsll values of applied voltage
where in general the oscillations did not ocour sponteneously. The saccnd
region was also located in the low current region near the ferroresonant cur-
rent jump point. No mention was made of subharmonics produced in the high
ourrent region. The effective value of the current at the high critical volt-
ages was much smealler than at the low critical voltages. Dehors coacludeu
that when using "ideal" materials, sutharmecnic oscillations are more difficult
% maintain, ocouir only for small ranges of applied voltage, and appear more
orten as odd harwonics than even.

During the course of our experimental invegtigation of the character-
istics of the series circvit, various subharmonic responses were encountered.
The significant results observed are as follows,

By slowly increasing the applied voltage it was poasible to excite
a subharmonic oscillation of order three for values of applied voltage which
were slightly lesy than that necessary to cause the ferroresonant jump into
the high current region, as shown iz fig. MRI-12504-a. In certain cases, the
ogcillation would disappear just prior to the occurence of the jurp point.

stable, sustained and reproducible. Alsc circuit operation extended into the
region of saturation as can be deduced from the current pulse waveforms and
increased magnitude or readily seen from the B-H characteristic of the circuit,
fig. MRI-12604-b.

Tlhe series circuit also showed a tendency to break into oscillation at
the point of return to the low current region, assuming that initial operation
was in the high current repgion. However, a sustained oecillation was never ob-
tained at this point.

No oscillations were obssvrved for very low values of applied voliage
in the simple series circuit; however, when an initial core flux was initroduced
by means of an suxiliary d-c bias winding, oscillations were encountered, thus
confirming Dehers” werk. More will be stated about these oscillations in the
section on the use of tha series circuit ac an amplifier.

When circuit operation extended far into the region of saturation
(high current region) subharmonic responses were always obtained either by
slowly increasing the applied voltage until this region was sncountered, or by
initially energizing the circuit with these sams high voltsges. Subharmonic
currents of orders ons, two and three respectively occur for increasing wvaluss
of applied voltagze. In general all current oscillations in the high ourrent re-
gion with the oxcaption of order one are unsymmetrical. See figs. MRI-~12504-0,d.
Fig. MRI-12505-a shows the order one mode which is most common. It was rarely
possibles to excite an unsymmetrical order one mode indicated iz iz, MRI-12606-L,
In the regicns betweer the ordors oue, two, and three unsymme*rical and random
(having no definite order) pnlse responses were obteired. The typical orier
two and three modes encountered are shevn in figa, MKI=125«fac,d,
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In oonolusion, fig. MkI-12606-6 illustrates the various subharmonio
regions encounisred. It appoars that in the case of the more sensitive materikls,
the high current region 43 most susceptidble to subharmonic osoillations; this
is ocontradiotory to MoCrum's work. No shock exoitation such es initis) cors
flux or capsocitor charge is necessary to provoke these subharmonic responses.
Zlthough the switching angle of the applied voltage spparently in part de-
tormines the steady-stats form of the subharmoniocs, these oscillations are
locaved such that the; do not encompass the region of ferroresonance, thereby
eliowing the successful use of these circuits in relay applications. The
results shown were consistentiy observed for Deltmmax, HypernikV, and Orthonik
ocre materials.

5. Use of the Series Ferroresonant Circuit as an Amplifier.

This chaptsr deals with an experimental investigation of the series
ferroresonant circuit rfor possidble uss == a magnetic amplifier. The present
camnonly used high gain magnetio amplifier cirocuits contain dry-diso recti-
fier units which are the prime csuse ol urpredictadbls variations in the ocir-
onit responssa. The rectifier cell performance suffers from leskage, aging,
eto. REffects which in turn are highly dependent upon temperature, rectifier
voltage, etc. Thus in certain magnetic amplifier apnlications where the con=-
stancy of error in performance determines the value of the system, such as
ir precision measuring instrsments, it would be highly sdvantageous to iiw
corporabte smplifiers which do not contain rectifier units.

a) Single Cors Cirouits.

The simplest satureble reactor sircuit possessing a signal cone
Yrol winding is illustrated in fig. MRI=12506~a. By varying the amount
of ccntrel curreat which is ardinarily of much lower frequeoncy that the
ocontrolled or iomd currvent frequency, the degree of cor: aaturation is
changed, thereby causing & change in the mesgnitude of the loed current.
Considering only the case of s direct current control signal, the addition
of direct current biss ampere-turns to the resotor causes a shif't te the
right of the reactor volb=empere characteristio for inocreasing smounts of
control bdbias as indiocated in fig. MRI-12606=-b.

In replotting the resctor wolt-ampere curves of fig. MRI-12506~D,
using the load source voltage as a parameter, the (runsfer charsoteristio
of fig. MRI-12507 is obtainsd. It is seen that the simple reactor circuit
oan be use¢d as a linsar amplifisr withirz a specifiad contrcl current range,
where the current gain would be determined %y the slope of the transfer
curve. Although the =imple reasctor cirouit will make possitle ocurrent and
posr gain, there will not be an smpere-turn gain. Furthermore it should
te remembered that even though the transfer curve is linear, the sutput
waveform depends entirely upon the degree cf core saturation.
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The single core reactor circuit is limited in use pastially by the
long time resronser associated with it. The use of a large choke in the con-
trol circuit in order to constrain the induced harmonic current ficw is the
nain reason for the long time response. Inserting resistance in the control
oircuit improves the time response; however, the power gain is neceasarily
reduced beocmuse % the incrsassd power demands upon the control source %o
produce a speocified ocutput,

When capacitance is added to the load mesh as in fig. MRI-12508-a,
the resultant oircuit is of the series ferroresonant type with an added con=-
trol or blas winding. By means of the graphical method of solution it is
possible to predioct the cirocuit behavior qualitatively. The vol t~ampere
circuit response curves may be single, doudble or triple valued depending
upon the choice of circuit parameters and the degree of core presaturation.

A few examples of the types ot response which may be expeocted
are shown in fig. MRI-1260&-p.

Referring to the ferroresonant circuit of fig. MRI-12508-a, it
was experimentally detarmined that three different modes of operation are
possible depeanding upon the choics of circuit parameters. Only one mode
pcasessed usable smplifier characteristics which showed =n improvement in
current gain and time response when compared with the simple saturable re-
actor oircuit.

For a specified set of paramoters and values of applied voltage
ranging from zero to a critical value E , the respcnas characteristic of
the series circuit assumed the form showm in fig. MRI-12509, Over the
linear porticn of ths charasteristic, the current waveform appeared to be
fairly sinusoidal, because the circuit operation extended only over the re-
gions of initial and high permeability of the reactor B~H curve., The series
circuit was able to provide a maximm current gain six times that of the
simple reactor circuit. The magnitude of the usable pcrtion of the transfer
ourve inoreased with increasing values of capacitance, a maximm 1limit ocour-
ing when the single response loop ceased (o sxist. Increasing the load
resistance from C tc 2000 ohms had little effect on the cirocuit operation.
& sudden decrease in current ovourred as the bias current was increased
and the circuit tscame wnsuitable as an amplifier for larger wvalues of b.as
current. Referring io fig. MrI~12509, the region of the transfer curve for
biss ocurrvents greater then 32 ma. were subject to subharmonic oscillations.
However for E E it was possible to maintain control over the entire
transfe: charactdrisztic and eliminate the subharmonic oscillations ard out-
put current discontiruities. Hewmver, the amplifier gain was raducad.

The transient response of the ferroresonant emplifier (MWI-
12510=a) to & step input control signal was ohbtained over the useful re-
gion of the transfor curve. By decreasing .e circuit capacitance, an
improvement in time resoonse wes noticed. Transient data was also obe
tained for the simple reactor circuit amplifier ( fig. MRI-12610=b),
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Tae response time was devermined on the basis of the oircuit responss to 63X
of the final magnitude.

In conglusion it i3 seex that{ the series ocircuit amplifier can de
made %0 a higher current gain and a shorter time response than the simple

reactor aircuit wiplirier; however, the range of cperation will be ausch
smaller.

When the load zesh voltage is inoreased sdove E_, assuming the oir-
cuit resistance and capacitance remain constant, the oirodit responseé chsages
to that of Pig, MRI-12311. This amplifier characteristic is also more sensi-
tive than the simple resoior sirsuit, btut over a very limited range of con~
trol current. It possesses a mmber of sericus drawbecks. Upon incressing
the control current, the load current suddenly jumps to & large value. How
ever, it is no longer possible to cause a return to the initial low ourrent
region by reducing the ocontrol bdias or changing its polarity. The applied
voltage must be rcduced instead. This is analogous to & grid-comntrolled
thyratron vacumm tube ocircuit. Onoe the thyratron fires, the grid loses

complets comt:ol, and only a reduction in the plats oircuit voltege will al-
low restoration of the initial oconditions.

As the applied voltage was incicassi towsrds the normal reactor
saturation voltage, the initial load current jump point occurred at & lower
control ourrent, thereby causing a reduction in the range of the circuit op-
erstion as an amplifier. Also subharmonic oscillations were more prevaleat
under thii ocirsuit operation than in the previocusly discussed case.

Por values of load circult voltage greater than the saturation val-
ue, it was possidble to inorease the load resistance until the ferroresonant

ourrent jump and hystersis phenomena were eliminsted. The resultant transfer
charzoteristio is plotted in Fig. MRI-12612.

b) Double Core Circuits.

By using two resciors as illustraicsd in Pige. Mki-iZ5i3-a and MKi-
12617=a, ¢t ie possible to eliminate the control choks. The odd harmonics
oancel but a second harmonic ocirculates in the control oirouit. The transfer
ourve {or this oirouit when operating at low velues of load voltage is plotbeu
in Pigz. MRI~-12613=b.

When ocapacitance is added to the lnad mesh, the cironit again becomes
& bissed ferroresonant network. The transfer curves taken fo. C = guf, 3
are aleo shown in Pig. MRI=12613=b and it is seen that the introduction of cap-
acitance does provide regions of gain graater than that of the double~core re-
aotor cirouit. Alsc the low voliage “ransfer curve allows an inoreace or de-
oresse in load current for increasing biss depending upon the region of opera~
tion. Unlike the transfer curves for the singie core ferroresonant amplifier,
the region of low bias currents extenling to the load current maximm was



dE

e ——— S——— . 0. <o oo

R=-277-62, PIB-216 22.

very prone to oscillate at subharmonioc frequenscies. Referring to the traasfer
ourve taken for C = Suf the load current waveform remained fairly simusoidal
until the bias current resched 18 nmx. The change in slope of the iransfer

curve at this point was acoompanied by an initiation of subharmonic oscillations,
the region of which extended to a ®las ocurrent of 36 ma. The load current

then begame peaked, corresponding tc the usual high ocurren® region wavefom of
ferroresonant oircuits. Fo:- extremely large bias ocurrents, the transfer curve
epproachsd a horizontal asymptote corresponding to complete core saturatioa.

Considering first the region of subharmonic csoillations, it was
datermined that » simultaneous -“ariation of load resistance and cepscitance,
and oontrol bias was necessary tc produce ths subharmonic waveform and fre-
quenoy desired. The walue of control circuit resistance was not too im-
portant, whereoas the mmber of control ampere-turns was important. Also,
an inorease in load resistence and capacitance caused an increase in fre-
quenoy., Fig. MRI-12514-c illustrates a 3.5 cycle per second oscillation
having exqellent simisoidel wuveform and stability. The 60 cycle ocarrier
can also be modulated more than 100X resulting in the waveform of f£ig. MRI-
12514~d. A possibdle apvlication for this mode of operation would te a square
wave osoillator or a low frequency multivibrator.

Tue usable range of circuit operation for low applied voltages is
over that part of the transfer curve which shows a decresase in lcad curvent
for an inoreass in control current. Referring to fig. MRI-12513, when a
3pf series capacitor is used, the ocircuit would normally be operated between
S8 and 48 ma- The transient responees of the simple reactor and ferro-
resonant oircuits over this range are shown in fig. MRI-12517=a,b. In this
cagse there was an apparent incresse in timsc responce dues to the eddition of
the ocapacitance to the double-core reactor oircuit. Deoreasing the cap-
aoitance tended to further peak the response curve, and further increase
the gain over the usable region already m-ntioned. However, a limit was
reached when the current became discontimious over the working range. For
the 2uf characteristic of fig. MRI-12513, the ferroresonant amplifier po-
#sesses & gain which is ten times greater than the mos#t sensitive region of
the docuble=core reactor circuit.

Proceeding tn the operation of the double core ferroresonant oircuit
at hizh voltages, it was noted that the circuit would cscillate very easily
at low values of control current. The ioad resistance was inoreased until
these osocillations enti rely disappeared. However, the resulting circuit re-
sponses did not exhibi? any worthwhile amplification regions at the high val-
Uss oif applied voltage and so further investigation was abandoaued.

By ocampletely constraining harmonic flow in the control ocircuit
by the addition of a shoke, the cisult transfer curves olossly resembled the
wolt-ampere respores ourves of the simple ferroresonant series circuit except
for increased subharmonio responses. By increasing the load resistance to the
oriticel value of 800 ohms, load current jumps and hysteresis sffects were
eliminated, and the single-wvalued transfe: curve of fig. MRI=12516 was obe
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tained. This oharacteristic was not obtainable if the control choke was re-
moved. Over the most sensitive part of this curve, the ferroresonant ampli-
fier axhidited a larger current gain than the double-reactor circuit by &
fastor of ben. The transieut responses of both circuits were determined
(r1g. MRI-126168~a,b) for the sensitive range occurring for control ourreats
ranging from 19-32 ma. The addition of capacitance appoars to have little
effect upon the oirouit operation. By changing the load resistance to £30
Ohms, the slope of the sensitive region of the ferroresonant amplifier ohangéd
little. However, by referring to figs. MRI-12516-b,s, it is observed that
the transient buhdup and decay times for the amplifier could be readily
oequaligsed if desired.

In conclusion, the consirained docuble-zore series ferroresonant
circuit appeared to yield the most favorables amplifier characteristic. It
was not infestsd with: regions of subharaonic oscillations, or current dis-
oontinmuities. By using precision components and adjusting the load resistance
o the oritical value just necessary to eliminate the ferroresonant ocurrent
Jump, amplifier gains much greater than ten can be realized as compared with
the double-core reactor oircuit.

8. Use of Ferrcresonance to Imnrovs Magznsetic Amplifier Perfromance.

The series f{srroresonunt circuit can be made to perform as an
snplifier under certain conditions previously Zisocussed. In general it is
possible tc preduce amplifiar transfar curves whioh exhibit regions in which
the cirouit zain is greater than that of the corresponding simple reactor
oircuit (see figs. MRI-125C0 and MRI-12515). However, there are definite
limitations to the extensive use of this type of amplifier. Referring to
fig. MRI-12615 it is seen that the useful control range is limited to a small
region of the entire iransfer characteristic. Also the circuit gains od-
tainable =re still low when compared with presently used sxternal feedback or
self-saturating magnetic amplifier &ypes. Finally, in order to obtain the
stable high gain rsgions, one finds that the choice of circuit parameters is
quite oriticai. Therefore it was decided to explore the possitility of using
ferroresonant amplificaticn in ccnjunction with existing high gain magnetio
amplifier circuits in order %: obtain greater amplifications.

a) External Pesdback Cirouit,

The commonly used extermal feedbsck circuit shown in fig. MRI=
12617-b differs from the simple reactor circuit of fig. MRI-12517-2 =z=ly in
that a positive feedback winding energiged by ithe loud circuit is used to
inorease the overall amplification by providing an smpere-turn gain greater
then unity. The unotable characteristics of thc sxtarnal feedback circuit are
that

a) Higher gains can be achieved as compared with other sensitive

amplifier circuits.

s e v ———
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b) Peedback can be increased until the transfer ourve exhib: ts
binary stability.

o) Rectifier limitations such as temperature and aging effects
are not as important as in other type oircuits.

The main disadvantage is the necessity of providing oore windcw
area for the feedback turns, which automatically results in working the
reactor at less than the normal volt-ampere rating.

By placing a capacitor in series with the load oircuit perameters,
fig. MRI-12517=t, the cirouit then becumss one of two types. If the effect
of the capacitarce is small as compared to the externsl feedback, then the
ciicuit should be refsrred to as an external feedbaux amplifier employing
ferrorssonance. However, if the ferroresonant effects predominate, then the
oircuit would prcperly be referred to as a series ferroresonant amplifier
employing external feedback.

In fig. MRI-12518 are plotted the transfer curves of an external
feedback oircuit. Curve (1) is the normal transfer curve. Curve (2) re-
pressnts the use of a seriss capacitance of 5uf. By reducing the yelue of
capacitance, the transfer curve exhibits binary stability. One immediately
recognizes the increased gains obtainable without loss of linearity. Also
the oontrol range is increased. Transfer Curve (2) has a gain 2.5 times
that of the simple external feedback circuit. Also in cbecking the tiran-
ient responses over the sensitive gain regions, it was found that the time
of responss weas practicelly arasiant. Therefore, an important consideration
in the use of ferroresonance is that the gain psr cyocla figure of merit for
for an amplifier is increased.

The transfer curves of a constrained amplifier are given in fig.
MRI-12519 and are self=-explaratory. Curve (4) possesses & current gain 10
times that of the non-forrcresonant response curve (2). The ococurrence of a
resonance coandition when capacitance is introduced into the circuit is
clearly shown by curves 3,4 and 5. As the capacitance is increased, the
maximum circuit current passes through an optimum velue.

T+ 48 wol) ¥nom that supply voltage variations cause & psr cont
change in the magnetic smplifier gain which is proportional to the change
in supply voltage for small variations. Fig. MRI-12520 clearly illustrates
this condition. It shculd bc ncted that while the transfer ourves appear
+» pivot about a single minirum point, this is only true us long as the
symme trical flux excursion does not extend into the saturation region. In
general, the minimun load current will increase with increasing line volt-

age.

The effect of 1line voltege variaiions on an amplifier employing
forroresomance s shown in fig. »21-12521, An impor‘ant cepnclusion is
that the por cent change in amplifiar gain is no worse than that obtained
w4 Ui simple external feedback circuit.
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In considering the effects of ferroresonance on the exbterval
feedback girouit, which will hold for the self-saturating oircuite also,
one might Lmmediatsly draw the conclusion that the oapacitor ie a positive
foedbaok device. However, although the cirouit responses appear t» sube
stantiate this conplusion, the effeat on the physicel operation off the oir-
cuit is quite different from that of the feedback turnz, he feaclback
smpere~turns provide e biss pocint for the core from which the flux exoursion
determined by the magnitude of supply woltage, bagime. When capacitance is
added, the averaze core bias remains the same as befors. Iowever, the flux
exoursion is inoressed sinocs the ocapasitance aids the supply voltage bty sup-
plying additional voltage integral. Frum experimerntal observation 1t is
noted that thare is also an imporiant difference bstween the cffect of the

" oapacitor and the supply voltage on the minimm point ¢f the transfer ocurve.

Inoreesing the supply voltage in order to inoreass the smplifisr gain cmuses
e rise in the mirimm point, whereas the minimumm point remeains fixed when

ospacitenve 13 used, (fig. MRI-12512) and ounly the oircuit gain is altered.

The effect of line frequenoy wvariations om oirouit performance
is of importance especially in commeoction with the dssign of amplifier
oircuits for military emipment, On might expect that the use of ferro=-
resonancs would be detrimental to the feedback smplifier cpersticn since
the capacitive reactance iz a oomplioated funstion of frequensy. Wsferring
to figs. MRI-12622 and MRI-1i2628 it is observed that there is little dif¢-

ference in the per cent changes in gain between the simple feediack oircuit
»n? the ferroresonant-aided oircuit. -

.The effect cf ferroresonance on the cperation of g binary siatls
extornal feedback amplifier was studied. The iwmportaut resulis are shewm
in fig. MRI-12624. Transfer curve (1) represents a bi-stable feedbaok
amplifier.. ke cirouit resp ' when_ocapacitance is added to the load
mesh, i= 4llustrated by curves (2,3). Again the resonant peaking of the
load current is odbvious. Alsc it ig interesting to note that the initial
point of iastudbility is indspendent of capacitance. %Therefore, it is sus-
peoted that the ccre blasing due to the feedback ampere turns is mainly
responsidble for the loscation of this point because the inttial jump point
is a function cf ths cirocuit capecitance in the simple serics ferroresonant
oircuit. The prinoiple affect of the empacitance is to increase the limi%s
of the bingry region. Ihis may be very ussful in certein vwype switohing
applicetions.

b) Self-Szturating Cirouits

The self-saturating type megnetic ampiifier, ome %ype of whioch is
ghrem in fig. MRI=126517=0, i& important beceuse greater cutput power ocan be
obtained forths same -ore sige used in an sxternal feedback oircuit, since
the lcad arcd feedback windings are cne and the sams. The main disedventages
of this type amplifier are that rectifier performance oharacteristiész such
es leaknge, aginp ets_ grc docirimsntal and usually result in e loss of oire
ouit gain. Aleso'the circuit canmnot be made unstable uniess external feed-
back turas are added.
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The iavestigation of the effects of ferroresonance on a self-
saturating. type amplifier is limited to those olrcuits possessing an a.o.
output in order that blooking aoction by the capsaitor does not ocour. The
doubler oircuit wus chosen as a typioal exsmple. Curve 1 of fig. aRiI- .
12628 4s the normal doubler transfer ocurve, whereas ciurves (2,3) show the
effeots of ferroresonance. Note that while the gair cf ocurve 2.is 3 times
tha® o ourve 1, the control range is reduced. Curve 3 again illustrutes
the loud current peaking due to rssonance paencmens. The amplifier oan be
asmde wwtable for values of capaoitance less than 2 pf.

The oors material used in the oirouits discussed so far in this
seotion was U-typs Hymm 80 laminations. These laminations acrs usually sup-
piied with a double yoke width in order to deorease local saturation effeots.
The effect of the air gap is to cause lower geins as compared to a olosed
magnstic path ocirguit.

The effect of ferroresoaance or the gain of a doubler oircuit
using e highly sensitive tape wound core of Hypernik V material is seen in
fig. MRI=12626. Curves 2 and 3 are of interest beoamuse of the slight in-
slability obtained for inoreasing control bias, wheroas deorsazinz bias
produced cnly a single-value response. Curve S also represents the max-
imm beneficlal effeots of ferroresonance. Although the gein-is slightly
inoreased, the maximm power output has been decreased. The conolusimm
drawn is that ferroresonant techniques will do little if anything to im-
prove the performance of amplifiers using very sensitive core materials.

Since the U-type lamination is preferred in meny designs becaus
of the simpler ocil winding end production control techniques, one immed-
imtely recoguized the importance of using ferroresonance in sonjunotion
with the feedbeck and self-saturating type cirocuits. The gains of these
oircuits oan be made comparable is thcse of the more expensive circuits
eaploying highly sensitive sore materials.

Another vuusideration forthe use of ferroresonant techniques in
self-saturating circuits is in conneotion with the reotifier problem. Re-
sistance shunting cf the rectifiers results in a reduction of the effectis
on the oircuit cperation of rectifier aging, leakage and changes dus to
variations in temperature. However, a loss in gain is associated with this
oompensation, Thersfcrc, by inmtroduoing ferroresonance into the circuit
it is possidble to restore this loas in gain.

During the course of experimentation with tke doudbler type self-
saturating circuit, it was found that moderate capaocitance shunting of trs
oirouit reotifiers produced a shift of the transfer curve to the right (see
ourves 1,2, ard 3 of fig. MRI~12627), without noticeable loss in gelu.
Large shunting capacitance definitely caused seriocus gain reduction. The
great significance of this "ghiliing" effect is that the necessity of pro=
viding bias ampere-turns, to cause minimm load ourrent to ocour for szero

e - ———
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oontrol signal, can be entirely eliminated. Curve 2 of fig. MRI-12527
11lustrates the reduction of "stand-by" load ourrent without the loss of
ceirouit gain. Curve § illustrates maxjmum reduction with a slight loss
in gain. By ocombining ferroresonance with this phenamena, both a shifting
of the transfer ocurve and an iaanrease in its slope can bde effected as
shown by ourves 4 and 5 of fig. MRI-12627. Thue the ultimate in magnetic
amplifier design is approached with relative simple ocircuitry technigques.

In order to illustrate more significantly the importance of ising
ferroresonance to improve magnetio amplifier performsnce, & doubler ciroult
was oonstruc®ed neing e three-legged reactor (E-I laminations) of low per-
meability "Transformer C" material., The oirouit gain wes insrsesod by means
of ferrorsgonance to the point of instability and the transfer dats plotted
in fig. MRI-12528. Tho ferroresonant aided doubler exhitits a current gain
20 times that of the simple doudtl2r cirguit. This means an inorease ir power
gein of ‘20. The maximm power output has been greatly increased over the
entire usable control range of the simple doubler. A&l50 of particular in-
torest is the fact that the minirmmm point is not changed by use of ferrv-
resonancs .,

Lithough it has been shown thei present day smnlifier sircuit
performance c-n definitely be improved by the careful use of ferroresonance,
an exhaustive study of its possibilities has by mno mesns bean mads. Aleo,
ons should be cautioned at the ever present possidbility of exciting sub-
harmonio oscillations whioch sre closely related to fsrroresonant phenomena.
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List of Symbols

Capacitance, farads
Ins tantaneous vt.luo ct applied voltugo, volb
EkM.S,

Half=nvcle aversze va.luo ot appliod voltago, volts
Craitioal

Resctor vcltage, RJM.S,, volts

Mexizum value of applied voitage, volts

Average cipesitor voltage dus to magnetiging current, volis
Beactor sxturation voltage, voltw

Instantannous volue of current, emperes
Average value of magnetiring current for helf-cycle, amperes
Instantaneous current in region 1, amperes

L} L] L] L] 2. LJ

R.M.S. value of load current, amperes
Half-cycle average ‘value of ocurrent, mmperes
Fundamental R.M.S. componment of current, ampsres

Saturation ourrent, amperes

Half-cycle average value of current in region 2 of B-H curve, smperes

Turns on loed winding

Consumed reactor power, watts

Total cirouit resistence, ohms

Critical resistance for ainglo valued currant jump, ohms
External cirouit resistance, ohms

Apparant reactor resistance, ohms

Tima, secoads
Timms of entry into region 1
L] L] ] L} " 2

Ins tantaneous capacitor voltage, wvolts
Initial magnitude nf capacitor voltage upcn entry inte region 1, voits
Average capacitor voltage due to magnetiring current, wolts

Anguler frequercy of supply, radions per uoond
Effective angular frequency, " »

Totel effentive resctance, olms

Cepacitive veactance, ahm

Inductive " , ohma

ki R—
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List of Symbols (Cont'2)

= Phase angle, degrees
= Angle of antry into region 1, degrees

P °r LJ L] LJ L] 2, ]

Core flux, lices
= Saturation flux, lines

= Indicates modification for presence of current harmoniocs
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TREATMENT OF THE SERIES CIRCUIT BASED UPON IMPEDANCE CONCEPTS
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RESPONSE CURVES FOR THE SERIES FERRORESONANT CIRCUIT
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RESPONSE OF THE SERIES FERRORESONANT CIRCUIT AS A
FUNCTION OF CAPACITANCE
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GRAPHICAL SOLUTION OF THE SERIES FERRORESONANT JTirRCUIT

(Method of Odessey 8 Weber)
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RESPONSE OF T7THE SERIES CIRCUIT
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RESULTS OF IDEAL CIRCUT ANALYS!S
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CALCULATED AND EXPERIMENTAL RESPONSE OF THE SERIES CIRCUIT
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AVERAGE VOLT-AMPERE RESPONSE OF THE SERIES CIRCUIT
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AVERAGE VOLT-AMPERE NESPONSE OF THE SERIES CIRCUIT
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LOW CURRENT REGION CHARACTERISTICS
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LOVW  CURRENT CHARACTERISTIC OF THE SERIES
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VOLT-AMPERE CHARACTERISTIC OF THE SERIES CIRCUIT
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ADDITIONAL MODES OF OPERATION COMMON TO THE SERIES
FERRORESONANT CGIRCUIT
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CHARACTERISTICS OF THE FERRORESONANT CIRCUIT WITH BIAS
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TRANSIENT RESPONSE OF THE SERIES FERRORESONANT AMPLIFIER CIRGUIT
AND THE SIMPLE REACTOR AMPLIFIER

{a}

Buidup = 23 secs. Decay =083 secs.

Deitomax Cores
Ez138 v

C: Jpt

Rc 1I3n

Rsp480

L3 Thy.

Nc:N 3700 turns
Signbi* O—31 ma.

(D)

Buildup =.72 secs. Decay .2 secs.

Czm
Signal s0—31 ma.
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TRANSIENT RESPONSES OF THE DOUBLE-CORE SIMPLE REACTOR AND
SERIES FERRORESONANT CIRCUITS

(a)

S:o

Signol = 38—48ma. (d.c.)

Delfomax Cores
Buildups.12 secs. EzI6V.

Rs260°
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N|- Nlmrns

Dacay = .12 sece.

-

Signol s 38—48ma. (d.c)
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(b)
BU:!d'Jp Deco,
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(c) (d)
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TRANSIENT RESPONSES OF THE SIMPLE REACTOR AND THE SERIES
FERRORESONANT CIRCUITS

(Constrained)

Deitomax Cores
Signgi® 19—232ma. (dc)
&a 800 4.
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Buildup =.14 secs. Decoy =.4 secs.
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A) SIMPLE SATURABLE REACTOR CIRCUIT
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